Fungi produce numerous low molecular weight molecules endowed with a multitude of biological activities. However, mining the fullgenome sequences of fungi indicates that their potential to produce secondary metabolites is greatly underestimated. Because most of the biosynthesis gene clusters are silent under laboratory conditions, one of the major challenges is to understand the physiological conditions under which these genes are activated. Thus, we cocultivated the important model fungus Aspergillus nidulans with a collection of 58 soil-dwelling actinomycetes. By microarray analyses of both Aspergillus secondary metabolism and full-genome arrays and Northern blot and quantitative RT-PCR analyses, we demonstrate at the molecular level that a distinct fungal-bacterial interaction leads to the specific activation of fungal secondary metabolism genes. Most surprisingly, dialysis experiments and electron microscopy indicated that an intimate physical interaction of the bacterial and fungal mycelia is required to elicit the specific response. Gene knockout experiments provided evidence that one induced gene cluster codes for the long-sought after polyketide synthase (PKS) required for the biosynthesis of the archetypal polyketide orsellinic acid, the typical lichen metabolite lecanoric acid, and the cathepsin K inhibitors F-9775A and F-9775B. A phylogenetic analysis demonstrates that orthologs of this PKS are widespread in nature in all major fungal groups, including mycobionts of lichens. These results provide evidence of specific interaction among microorganisms belonging to different domains and support the hypothesis that not only diffusible signals but intimate physical interactions contribute to the communication among microorganisms and induction of otherwise silent biosynthesis genes.
M
icroorganisms such as soil-dwelling bacteria and fungi produce a multitude of low molecular weight molecules that play an eminent role in drug discovery. It is conceivable that many of these compounds are produced as chemical signals or for defending the habitat; however, their true functions in their biological context are largely unknown (1, 2) . Despite the large number of known bioactive compounds produced by fungi, the biosynthetic potential of these microorganisms is greatly underestimated. In fact, analyses of the increasing number of wholegenome sequences indicate that fungi encode the genetic information for the biosynthesis of a plethora of compounds that are not observed when cultured under standard laboratory conditions (3, 4) . This applies in particular to the encoded thiotemplate assembly lines such as polyketide synthases (PKSs) (5) and nonribosomal peptide synthetases (NRPSs) (6) . It appears that particular, in most cases unknown, triggers are required to activate such silent or cryptic biosynthesis pathways. To harness this untapped biosynthetic potential, various strategies have been developed over the past years, such as activation through gene expression in heterologous hosts (7) , ectopic expression of pathway regulators (3), and epigenetic methods (8) (9) (10) . Even so, the onset of secondary metabolite production in complex situations such as microbial communities or interspecies associations is particularly intriguing and yet underexplored. This is surprising, because it is generally believed that the interplay among organisms of the same or different species has resulted in vast natural product diversity (e.g., pheromones, predator-prey molecules, metabolites of symbiotic associations). The concept of interspecies crosstalk leading to chemical diversity has also been successfully applied to the laboratory to elicit the biosynthesis of previously undescribed metabolites (10) (11) (12) . However, all these studies were entirely empirical at the chemical level.
Here, we report the first systematic microarray-based monitoring of induced expression of silent biosynthetic gene clusters in the model fungus Aspergillus nidulans through the interaction with a collection of actinomycetes sharing the same habitat. This integrative study led to the discovery of the long-sought after genetic locus coding for the biosynthesis of the archetypal polyketide orsellinic acid (OA; 1). In addition, we unveil the ability of A. nidulans to produce 1, the typical lichen metabolite lecanoric acid (2) , and the cathepsin K inhibitors F-9775A (3) and F-9775B (4). In sum, we demonstrate that the fungus reacts on distinct interactions by the activation of specific secondary metabolism gene clusters, which contributes to understanding the crosstalk among different species of microorganisms.
Results and Discussion

Specific Induction of A. nidulans Secondary Metabolism Genes
Through Cocultivation with Bacteria. Bioinformatic analysis of the published A. nidulans genome sequence led to the identification of 28 putative polyketide and 24 putative nonribosomal peptide biosynthesis gene loci, which is in good agreement with the number reported by von Döhren (6) . The abundance of putative biosynthesis gene clusters in A. nidulans clearly outnumbers the known secondary metabolites of this model organism. A reason for this observation might be that only a subset of biosynthesis pathway genes is expressed under standard laboratory culture conditions; therefore only a few potential chemical structures are produced. Apparently, these genes are only expressed on stimuli such as environmental cues, stress, or yet unknown biotic signals.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0901870106/DCSupplemental. way on a glass slide, yielding a specific A. nidulans secondary metabolism array (ASMA) [supporting information (SI) Fig. S1B ]. The ASMA comprises genes encoding the central enzymes of each pathway (i.e., NRPSs and PKSs) as well as accessory and regulatory components. The expression profile monitored by the ASMA confirmed that the majority of gene clusters remain silent under laboratory conditions. To examine the impact of microbial interplay on fungal biosynthesis of gene expression, we cocultured the model fungus with a collection of soil-dwelling bacterial strains that share the same habitat. In total, 58 different actinomycetes that included different genera and species were probed (Table S1 ). On incubation, RNA was isolated, and after reverse transcription of A. nidulans mRNA, cDNA was hybridized with the ASMA. Surprisingly, only a single strain, designated Streptomyces hygroscopicus [American Type Culture Collection (ATCC) 29253], specifically induced fungal biosynthesis genes. According to the ASMA, 2 putative PKS (AN7909) and NRPS (AN7884) gene clusters were clearly up-regulated (Fig. 1A, Fig. S2 , and Table S2 ). To confirm this observation and to analyze global changes in gene expression in the presence of the streptomycete, we carried out transcriptome analyses using full-genome microarrays (Fig. S1 A) . It should be noted that bacterial RNA does not interfere with hybridization, because we could not detect any 16S rRNA in the gels or in RNA quality control with the Agilent bioanalyzer; furthermore, cDNA that starts from the polyA tails of the eukaryotic (fungal) mRNA was used. During cocultivation of A. nidulans and S. hygroscopicus, a total of 395 genes were identified as being differentially expressed (248 up-regulated and 147 down-regulated) using the Bonferroni correction (13) for multiple testing based on the 0.05 P-value threshold. Among these were most of the genes spanning the region between AN7874 and AN7914, including the 2 biosynthesis gene clusters detected previously (Fig. S2) as well as the cryptic PKS gene AN7903. Northern blot analyses confirmed the induced expression of the whole region with the exception of genes AN7885-AN7893, AN7904, and AN7906-AN7908, which remained silent ( Fig. 1 A  and Fig. S2 ). Quantitative (q) RT-PCR further confirmed the specific induction of the biosynthesis gene cluster from AN7909-AN7914 (Fig. 1B) . released into the environment. To test whether diffusible low molecular weight signaling molecules are involved in triggering fungal gene expression, we treated the fungal culture with the supernatant of the bacterial culture, with (co)culture extracts as well as heat-inactivated bacteria. Furthermore, we also carried out a cocultivation experiment in which bacteria and fungi were separated using a dialysis tube. To exclude the involvement of signal molecules that cannot diffuse through the membrane or the scenario in which a signal molecule is only produced in coculture, we also tested the influence of the supernatant of a coculture of bacterium and fungus lacking the PKS gene on fungal gene expression and metabolite production. Surprisingly, in no case was the fungal response observed, as demonstrated by qRT-PCR analyses, which show dramatic changes (5 orders in magnitude) in PKS gene expression on bacterial-fungal contact (Fig. 2) . Obviously, the induction of fungal gene expression depends on the direct contact between the fungus and the bacterium. This assumption was unambiguously confirmed by scanning electron microscopy of biomass obtained from cocultivation. The micrographs impressively demonstrate that S. hygroscopicus is nested within the fungal mycelium and that the bacterial mycelium is, in fact, partially anchored to the fungal hyphae (Fig. 3) . This intimate trans domain interaction very likely simulates a scenario occurring in the field. Our finding is also supported by the recent observation of Siemieniewicz and Schrempf (14) that viable networks of hyphae of the highly chitinolytic Streptomyces olivaceoviridis extend massively at the expense of Aspergillus proliferans hyphae. However, the tight association, as in S. hygroscopicus and A. nidulans, with a concomitant specific metabolic response is, to the best of our knowledge, unprecedented.
The induced expression of biosynthesis genes prompted us to monitor the metabolome of the coculture for new metabolites.
Comparison of HPLC profiles of the extracts from individual strains and from the coculture revealed new metabolites produced by the induced fungus (Fig. 4) . These new metabolites were only present when the fungus and the bacterium could physically interact (Fig. 2) . The new metabolites were isolated from the extract of an upscaled culture (14 L), and their structures were elucidated by 1D and 2D NMR and MS measurements. Compound 1 has a molecular formula of C 8 H 8 O 4 , as established by high-resolution electrospray ionization mass spectrometry (HRESI-MS) analysis, and on the basis of 1D and 2D NMR data (Fig. S3) , the structure was established as OA (Fig.  4) . The molecular formula of compound 2 was deduced from HRESI-MS measurements as C 16 H 14 O 7 , and 13 C NMR data suggested the presence of a dimer of compound 1. The chemical shift of C-7 (␦ 167.1 ppm) indicates an ester bond between both aromatic compounds, and the heteronuclear multiple bond correlation (HMBC) couplings (Fig. S3 ) revealed the structure of compound 2 as lecanoric acid (Fig. 4) . The NMR data were in accordance with published data (15) . Interestingly, lecanoric acid is a typical lichen metabolite (16) . Yet, there is only a single report on filamentous fungi producing this ATP synthesis and electron transfer inhibitor (17) . In addition to 1 and 2, 2 yellow-orange pigments are produced as minor compounds (3 and 4) . Electrospray ionization mass spectrometry (ESI-MS) measurements revealed a molecular mass of 396 for both compounds, and from HRESI-MS, a molecular formula of C 21 H 16 O 8 was deduced. Compound database searches and comparison of the NMR data of 3 and 4 with literature data identified the compounds as the known polyketides F-9775A (3) and F-9775B (4). Both compounds were originally isolated from Paecilomyces carneus and are inhibitors of cathepsin K, thus damping osteoporosis (18) . The structures of 3 and 4 suggest that these compounds are partially derived from OA (Fig. 4) .
The Cryptic Gene Locus Codes for Archetypal Polyketide Biosynthesis.
OA is the simplest acetate-derived aromatic compound that requires no reduction during its biosynthesis, and thus represents the archetypal phenolic polyketide. Despite its widespread occurrence in fungi and the growing body of knowledge on fungal polyketide biosynthesis, the molecular basis of its biosynthesis has remained unknown to date. The activity of orsellinic acid synthase (OAS) from Penicillium madriti was demonstrated in a crude cell extract as early as 1968 (19). However, neither the gene nor the protein amino acid sequence has been elucidated to date, and nothing is known yet about the catalytic domains or their organization (5) . To correlate the biosynthesis of the phenolic compounds with the interaction with S. hygroscopicus, we performed transcription analyses and targeted gene inactivation. Northern blot analyses indicated that the production of 1-4 strictly correlates with the expression of the PKS gene. Furthermore, to prove unequivocally that the identified gene encodes the required enzyme for the biosynthesis of OA, we deleted the PKS gene (orsA) in the genome of A. nidulans ( Fig.  1 A and Fig. S4 ). HPLC monitoring of the cocultivation of the resulting mutant with S. hygroscopicus indicated that the production of OA (1), lecanoric acid (2), and F-9775A/B (3/4) was fully abolished (Fig. 4) . Taken together, these data clearly prove that the identified PKS gene is required for the biosynthesis of the epitome polyketide 1 and suggest that 1 serves as a biosynthetic building block for 2-4.
Functional and Phylogenetic Relation of the OAS. The discovery and functional proof of the OAS from A. nidulans now allow a first glance into the model pathway. The deduced amino-acid sequence of orsA shows conserved motifs for starter acyl transferase (SAT), ketosynthase (KS), acyltransferase (AT), product template (PT), acyl carrier protein (ACP), and thioesterase (TE) domains, which are hallmarks for nonreducing PKSs (Fig. 5) . To identify the potential orthologs of OAS (OrsA) and to understand its relation to the other fungal PKSs, we performed National Center for Biotechnology Information (NCBI) protein database searches and phylogenetic analyses (SI Text). The resulting phylogenetic tree (Fig. S5 ) corresponds well to the previously published phylogenies of fungal PKSs (20, 21) . The OA producers form a clade that has a basal position relatively to the other nonreducing PKSs, which fits well with the postulated early evolutionary rise of these proteins. The whole branch is characterized by the loss of the methyltransferase domain and gain of the TE domain. Proteins with the highest similarity all feature the same domain architecture and represent a wide spectrum of species across the fungal domain, including lichens. Some of the more distant PKSs are known as melanin synthases, but approximately 20 close relatives to OrsA (Fig. S5) have not yet been functionally characterized. These proteins are good candidates for OAS-like enzymes.
Notably, among the closely related and functionally characterized fungal iterative PKSs, zearalenone synthase B (ZS-B) from Gibberella zea (anamorph Fusarium graminearum) showed the highest overall identity (34.1%) with OAS (Fig. 5) . Zearalenone is a mycotoxin with chronic estrogenic effects on mammals (22) . Its biosynthesis involves 2 PKSs: a reducing PKS (ZS-A) produces a hexaketide chain, which serves as starter unit for a nonreducing PKS (ZS-B) (23) . Both OAS (OrsA) and ZS-B are tetraketide synthases that elongate the starter with 3 nonreduced malonatederived C2 units. Regions of lowest conservation were determined by protein sequence alignment and comparison with the reported domain deconstruction by Townsend and coworkers (24) . The separated domains of OAS and ZS-B show highest conservation in the KS and AT domains with 46.2% and 42.2% identity, respectively, reflecting the identical polyketide backbone synthesis. However, the core PKSs clearly deviate in their ACP domains (23.8% identity), which might be attributable to an additional phosphopantetheinyl-binding motif in ZS-B, as in the A. nidulans WA synthase (25) . Not unexpectedly, SAT domains of both enzymes share rather low overall sequence similarity (27.6%), because the starter units differ significantly (i.e., acetate for OAS and a hexaketide for ZS-B). The PT domains, which support cyclization and aromatization of the enzyme-bound polyketide chain (26) , are conserved with an identity of 27.4%. Lowest similarity was found for TE/cyclase domains of both enzymes with 23.8% identity. This is not surprising, because OAS TE apparently catalyzes the release of a carboxylic acid by hydrolysis, whereas the N-terminal TE domain of ZS-B acts as a cyclase and releases zearalenone with the formation of a macrocycle by lactonization. These data highlight the functional similarity and deviation of these related iterative fungal PKSs.
Significance and Conclusions. In recent years, various highly diverse interactions between bacteria and fungi have been investigated (27) . Such microbial interplay may have a dramatic effect on the survival, colonization, and pathogenesis of the interacting partners. However, considering the multitude of possible microbial interactions, the intimacy and impact of fungal-bacterial associations are often underestimated. In addition to the wellknown lichen-forming fungal-cyanobacterial symbiosis, there are even instances in which (myco)toxins are actually produced by bacteria residing within the fungal cytosol (28) and in which the fungal sporulation strictly depends on the presence of endobacteria (29) .
In this study, we used previously undescribed array technology to monitor the selective induction of silent fungal biosynthesis genes through bacterial-fungal interactions. Through individual cocultivation of the model fungus A. nidulans with a collection of 58 actinomycetes, we identified a bacterium that selectively triggers the expression of silent biosynthesis genes that are not expressed under standard laboratory conditions. Most surprisingly, the fungal gene expression does not rely on diffusible chemical signals secreted by the bacterium. In fact, dialysis experiments and electron microscopy unveiled that an intimate physical interaction of the bacterial and fungal mycelia is required to elicit the specific response. Chemical analyses, Northern blot analysis, qRT-PCR analysis, and gene inactivation revealed that the cryptic PKS gene codes for the long-sought after OAS. This previously undescribed synthase is mechanistically related to zearalenone synthase, as deduced from detailed domain analyses. Furthermore, a phylogenetic study demonstrated that orthologs of this synthase are widespread among the fungal domain, including lichen mycobionts. Notably, apart from this archetypal polyketide, A. nidulans also produces the OA derivative lecanoric acid (2), which is a typical lichen metabolite. It is intriguing that this compound is usually found in a fungal/ bacterial mutualism, and thus likely plays a role in microbial communication. On the other hand, because lecanoric acid (2) inhibits ATP synthesis and electron transfer, it is also conceivable that the bacterium has elicited a fungal defense strategy affecting organisms that are susceptible to lecanoric acidmediated energy breakdown. Because the inducing bacterium is not affected, one may even speculate about a symbiotic fungalbacterial relation. From a pharmacological point of view, the induced production of an ATP synthesis inhibitor (2) and the antiosteoporosis agents 3 and 4 in A. nidulans indicates that dormant genes may code for the biosynthesis of valuable biologically active compounds and potential therapeutics that are not produced in the absence of particular triggers.
The unprecedented intimate trans domain interaction of Aspergillus and Streptomyces very likely simulates a scenario occurring in the field and raises important questions with regard to the molecular basis of such microbial interactions and fungal signal transduction. Future studies of this and related systems may not only provide fundamental insights into microbial communication but have the potential to lead to the discovery of otherwise overlooked bioactive compounds.
Materials and Methods
Strains.
A. nidulans strain RMS011 (pabaA1, yA2; ⌬argB::trpC⌬B, trpC801, veA1) (30) was used in this study. Plasmids were propagated in Escherichia coli DH5␣. The A. nidulans orsA deletion strain was obtained by transformation of A. nidulans (31) using a linear DNA fragment that encoded approximately 1,500-bp sequences homologous to the regions upstream and downstream of orsA, the codon-humanized coding sequence of the Gaussia luciferase gene (Prolume), and the argB gene of A. nidulans as a selectable marker gene (Fig. S4 ).
Media and Cultivation of Strains. E. coli was grown at 37°C in LB supplemented with ampicillin (50 g mL Ϫ1 ). Actinomycetes were cultivated in M79 medium (32) at 28°C for 2-3 days with shaking. A. nidulans strains were grown in Aspergillus minimal medium (AMM) (33) . Required supplements were added as follows: arginine (final concentration of 50 M), uracil or uridine (2.2 mg mL Ϫ1 and 1 mg mL Ϫ1 , respectively), and p-aminobenzoic acid (3 g mL Ϫ1 ). As a preculture, a 100-mL AMM overnight culture inoculated with 10 8 conidia mL Ϫ1 was used. The biomass was separated from the medium using Miracloth (Calbiochem) and inoculated into 100 mL of fresh AMM. Five milliliters of a freshly prepared actinomycete culture was added, and the Aspergillus-actinomycetes coculture was further incubated at 37°C with shaking. After 3 h, samples were taken for transcriptome analysis. After 24 h, 50 mL of the culture containing both hyphae and medium was harvested for HPLC analysis. Cocultivation, heat inactivation, and dialysis cultures were performed as described in SI Text.
ASMA. Custom spotted (BF-Biolabs) CodeLink glass slides (GE Healthcare) were used. Seven to 10 different 25-mers corresponding to the 3Ј half of each presented gene were spotted in hexaplicates (Fig. 1B) .
Analysis of Global Gene Expression. Custom full-genome microarrays of A. nidulans were generated (febit biomed). They were hybridized with cDNA synthesized from RNA, which was isolated from cocultures of A. nidulans with S. hygroscopicus ATCC29253.
Preparation of RNA, RT, Labeling, Array Hybridization, and Data Processing. Total RNA from A. nidulans was isolated, labeled, and hybridized as described in SI Text. Scans were analyzed with GenePix Pro 6.1 software (Molecular Devices).
A transcript was represented as a triplicate of probesets. Each probeset contained 10 probes (different 25-mer oligonucleotides) per gene. The signal intensity of a probeset was calculated using Tukey's biweight robust estimation procedures (34) . Investigation of reproducible differences among samples was performed using the Linear Models for Microarray Data (LIMMA) packages (35) of Bioconductor (36) . Data were processed using quantile normalization. Background correction was performed using the method ''minimum.'' To obtain the genes with the most evidence of differential expression, a linear model fit was calculated for each gene using the LIMMA package.
Northern Blot Analyses. Northern blot probes were labeled with digoxigenin-11-dUTP (Roche). TriSURE reagent (Bioline)-isolated total RNA samples from A. nidulans were separated on formaldehyde-containing agarose gels and blotted on Hybond-N ϩ positive-charged nylon membranes (GE Healthcare). Hybridization was carried out in DIG-easy Hyb buffer, followed by binding of antidigoxigenin-alkaline phosphate Fab fragments and application of CDPStar ready-to-use solution (Roche). Thereby, fluorescence signals were generated and visualized on Super RX x-ray films (Fuji).
qRT-PCR. To quantify transcript levels by qRT-PCR, total RNA was purified and its quality was controlled as described previously. Ten micrograms of DNase I-treated RNA was utilized as a template for cDNA synthesis for 3 h at 48°C using SuperScript III reverse transcriptase (Invitrogen). qRT-PCR was performed on an Applied Biosystems StepOne Real-Time PCR system in triplicate for each sample. The A. nidulans ␤-actin gene AN6542 was used as an internal standard for calculation of expression levels. The cDNA samples were diluted 10 times for amplification to obtain EvaGreen (Biotium)-labeled PCR fragments (GeneAmp Fast PCR Master Mix; Applied Biosystems) by using gene-specific primers for the genes AN7908 -AN7915 (Table S3 ). The expression of ␤-actin was monitored using forward primer 5Ј-CACCCTTGTTCTTGTTTTGCTC-3Ј and reverse primer 5Ј-AAGTTCGCTTT-GGCAACGC-3Ј. The sizes of the PCR amplicons of AN7908 -AN7915 and AN6542 were 81, 92, 94, 80, 107, 107, 86, and 105 bp, respectively. The cycling parameters included an initial DNA denaturation step at 95°C for 2 min, followed by 45 cycles with DNA denaturation at 95°C for 5 s and primer annealing and extension at 62°C for 15 s. Controls with no added template were included for each primer pair to exclude primer dimers from interfering with amplification detection. qRT-PCR results were analyzed using StepOne software (version 2.0; Applied Biosystems). The cycle number at which the fluorescence passed the cycle threshold (Ct) was determined by StepOne software (version 2.0). It was used for quantitation of the expression level. Relative expression levels for each cDNA sample were obtained by the ⌬⌬Ct method via normalization to ␤-actin using the formula 2 Ϫ(Ct AN79xx Ϫ Ct AN6542) for all samples derived from experimental cultures as well as from the calibration culture (A. nidulans cultivated in AMM under identical growth conditions).
Preparation of Chromosomal DNA and Southern Blot Analysis. Genomic DNA from A. nidulans mycelia was isolated using the MasterPure Yeast DNA purification kit (Epicentre Biotechnologies) according to a modified isolation protocol (37) . Cells were disrupted in a Precellys24 homogenisator (peqlab) for 3 cycles (30 s grinding/30 s pause) at a rotation speed of 6,500 rpm in an Innuspeed Lysis Tube A (Analytik Jena). Southern blot analysis was carried out by using a nonradioactive labeled DNA probe as described for Northern blot analysis. 
Scanning Electron Microscopy.
A. nidulans and S. hygroscopicus were cocultivated as described. Fungal pellets were washed twice with 0.1 M cacodylate buffer (pH 7.2), fixed with 2.5% (vol/vol) glutaraldehyde in 0.1 M cacodylate buffer, postfixed with osmium tetroxide, dehydrated in a graded series of ethanol solutions, critical-point dried from liquid CO 2, mounted on a stumb, and coated with gold. The specimens were examined using a LEO 1450 VP Scanning Electron Microscope (Leo Electron Microscopy).
